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a b s t r a c t
The frequency dependent directivity of the periodic permanent magnet transducer is used to extract
information about the position of any discontinuities present in a sample. Two approaches are used:
narrowband excitation and broadband pulsed generation. Simultaneous narrowband excitation, with the
appropriate frequency, can be used to steer the ultrasound to a particular angle. Broadband excitation
emits a wavefront that extends over a large range of angles, with the frequency of the wavefront varying
smoothly as a function of angle. Using these two approaches, two-dimensional maps of any defects
present in the sample can be obtained.
& 2014 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/3.0/).
1. Introduction
Recently published work has demonstrated how a wavefront
with a frequency dependent angle of propagation can be gener-
ated by simultaneously activating a periodic array of ultrasonic
emitters [1]. By utilising this physical phenomenon, the location of
a discontinuity can be ascertained by measuring the frequency of
the scattered signal, as well as the time-of-ﬂight. A new send–
receive conﬁguration is presented here, whereby the data
obtained from such a broadband pulsed array can be processed
to form a two-dimensional map of the location of defects that may
be present in a sample. This broadband approach is compared to
the established narrowband excitation technique. This narrow-
band approach can steer an ultrasonic beam to a particular angle
by exciting the array with a low bandwidth signal of a particular
frequency [2–4]. The ultrasonic beam can be swept over a range of
angles by simply varying the excitation frequency. The accuracy
and the precision of the localisation of defects obtained from these
approaches are compared using calibration and realistic samples
by interrogating them with Shear Horizontal (SH) waves.
SH waves are becoming a useful tool for ultrasonic inspection
applications as they have a number of advantageous qualities. For
instance, if a SH wave is obliquely incident on a free surface, it will
not mode convert to either longitudinal or shear vertical (SV)
waves [5]. This means that the received signals are easier to
analyse, as there is only one type of wave present, as well as
minimising energy loss at the boundary of the sample. It has also
been shown that SH waves can pass through austentic welds with
limited distortion when compared to longitudinal and shear
vertical (SV) waves [6], as a consequence of the typical micro-
structure [7]. However, the widespread utilisation of SH waves in
non-destructive testing has been limited by the inability to
efﬁciently generate SH waves using piezoelectric transducers [5].
Shear energy cannot easily propagate through a low viscosity ﬂuid,
such as those used for ultrasonic couplant between a piezoelectric
transducer and the sample. Horizontal polarisation shear waves
are also difﬁcult to excite via mode conversion from a wedge.
However, SH waves can be easily excited using electromagnetic
acoustic transducers (EMAT), speciﬁcally using a periodic permanent
magnet (PPM) EMAT [8,5]. A PPM EMAT consists of an array of
magnets, which alternate polarity with their nearest neighbours, and
a racetrack coil that is excited with an alternating current. The exact
conﬁguration can be seen in Fig. 1. For a non-ferromagnetic sample,
the Lorentz force dominates [9]: setting up alternating forces, arising
as a result of the interaction between the induced eddy currents and
the static magnetic ﬁeld, within the skin depth of the sample [10]. It
is these alternating Lorentz forces that generate the SH wave, which
will have a wavelength on the surface equal to the periodic distance
of the array, d, which is twice the pitch of the PPM array. The PPM
transducer also beneﬁts from the usual advantages of EMATs, such as
not requiring any direct contact with the sample, and the ability to
generate ultrasound of a single polarisation [11].
It is possible to use the periodic structure of the magnet array
in a PPM EMAT to control the angle at which the SH waves
propagate [2,3,12]. Phased array methods [13,14] rely on precisely
activating the individual array elements with a time delay in order
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to manipulate the ultrasonic beam. However, with a PPM EMAT,
beam steering can be achieved by exciting all of elements
simultaneously, with a narrow-band signal [15]. Consequently, it is
possible to steer the ultrasonic beam without having the complica-
tion of requiring the individual control of each element in the array.
This is described in more detail in Section 2.1. Section 2.2 explains
how an array can be pulsed with a broadband signal to create a
wavefront that covers a large angular region, with a frequency
dependent on the angle of propagation. Experimental data is
presented in Section 3 to demonstrate how PPM EMATs and SH
waves can be used to detect and locate defects. For the frequency
steered array, the beam can be used to sweep through a range of
angles, by changing the driving frequency, in order to create a ‘sector
scan’ image, whilst time–frequency analysis can be used to interpret
data obtained from the pulsed array. Due to the frequency variation
as a function of angle, any wave that has been scattered from the
original pulsed array wavefront will have a unique arrival time and
frequency. This can be used to locate the defect by converting the
time of ﬂight to a radial distance, with the frequency of the scattered
wave being related to the angle of the defect [1].
2. Theory
2.1. Frequency steered arrays
The alternating Lorentz forces generated by the PPM EMAT act
to generate SH waves on the sample surface, with the periodicity
of the EMAT array deﬁning the wavelength of the generated
waves. The spatial periodicity of the PPM EMAT can also be used
to generate SH waves that are steered so that they propagate at an
angle to the sample surface. Ultrasonic steering using simulta-
neous excitation is achieved due to interference effects [15]. This
constructive interference occurs when the path length difference
between waves from two neighbouring elements of the same
polarity is equal to an odd-integer number of wavelengths. This is
a condition that changes with frequency, and hence the SH beam
can be steered by simply varying the input signal frequency. The
condition for constructive interference can be calculated as
d sin θ¼ ð2nþ1Þλ ð1Þ
Here, d is the periodic distance of the array, λ is the ultrasonic
wavelength, n is the order of interference and θ represents the
angle at which the ultrasonic beam is steered. Therefore it is
possible to direct the ultrasonic beam to an angle θ by driving the
PPM EMAT with a tone-burst signal of a particular frequency, ν
(associated with a wavelength: ν¼ c=λ). The ultrasonic beam can
be swept over a large range of angles, simply by varying the input
frequency. The beam can be steered from the surface, at θ¼ π=2,
up to an angle at which the ﬁrst grating lobe appears. For the array
shown in Fig. 2, the next order of interference occurs when λ¼ d=3
[1]. So, in the angular range 201rθr901, only the lowest order
diffraction term is satisﬁed, meaning that there is only one main
beam. Frequency domain models can be constructed to calculate
not only the steering angle, but also the other important para-
meters such as the beam shape and width, as well as other
characteristics such as side lobes [15]. Knowing the total frequency
dependent directivity of the array means that any received signal
can be correctly interpreted.
The ability to steer the ultrasonic beam provides the opportu-
nity to create ultrasonic images. For example, it is possible to
perform a sector scan by simply repeating the measurements at
different frequencies. By varying the frequency between c=d and
3c=d, the main beam will be steered from 901 to 201. The resultant
A-scans obtained from the frequency sweep can be combined into
a single ‘image’, showing two dimensional information (time–
frequency, or radial–angular position) about any defect that may
be present.
2.2. Pulsed arrays
When simultaneously exciting all the elements of the array
with a pulse of the correct frequency bandwidth, a wavefront is
generated over a large solid angle. The frequency of the wavefront
varies with the angle of propagation, with the same dependence
between frequency and angle as was seen for the frequency
steering. As with the frequency steered arrays, constructive inter-
ference occurs at an angle for which the diffraction grating
equation (Eq. (1)) is satisﬁed. However, as the input signal contains
a range of frequencies, this condition is satisﬁed continuously over
a wide range of angles. As this change in frequency is continuous
and monotonic, it can be used to locate the position of a scatterer.
This is because the frequency encapsulates the angular position of
the scatterer, whilst the time of ﬂight can be used to determine the
radial distance of the scattering body. The waveﬁeld can also be
used to interrogate a large section of the sample in a single pulse,
due to the large angular area that it covers.
Analytic and ﬁnite element (FE) modelling techniques can be
used to gain more information about the wavefront, such as how it
evolves in time, as well as conﬁrming the angular dependence of
the frequency [1]. The analytic model, using a simpliﬁed Huygens
approach, has the advantage of being able to extract the key
physical characteristics of the wave. The simulated wave displace-
ment is shown in Fig. 3 as an SH wave generated by an array with
d¼ 10 mm operating on aluminium (cs ¼ 3111 ms1). It demon-
strates that the wavefront extends over a large angular region,
from the surface, at θ¼901, up to around θ¼201. In this angular
range, the frequency of the wave is changing: from low frequency
ν0 on the surface, up to 3ν0 at θ¼201. This means that an angular
region of around 701 can be covered with a single pulse. The exact
frequency variation can be seen in Fig. 4, which is in accordance
with the expected diffraction grating behaviour. This allows us for
easy conversion between the measured peak frequency of any
scattered signals and the angle from which they originated.
Fig. 1. PPM EMAT conﬁguration, showing the magnet array and racetrack coil.
Fig. 2. Array conﬁguration showing the condition for constructive interference.
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3. Experiment
3.1. Frequency steered results
As discussed in Section 2.1, it is possible to steer the ultrasonic
beam to a particular angle simply by driving the array with a
narrow-band frequency signal. As one can steer the ultrasound to
a desired angle, it is possible to utilise sector scan imaging, as has
been implemented with phased arrays [16,17]. By varying the
input frequency during a measurement, it is possible to sweep the
ultrasonic beam over a range of angles. Due to the presence of
higher order diffraction terms, there is a single main beam in the
angular region 201rθr901; outside of this angular region there
will be third order (or higher) diffraction terms adding other
grating lobes. By varying the frequency between the ‘fundamental’
frequency, ν0 ¼ cS=d, and three times this ‘fundamental’ frequency,
a large angular region can be inspected [1,15].
By using the EMAT in a pulse-echo conﬁguration, any ultra-
sound scattered from any discontinuities present will be received
as an echo by the same PPM EMAT used for generation. Whilst
using the EMAT in a pulse-echo conﬁguration resulted in a
reduction of signal amplitude, mainly due to the electrical ringing
of the ampliﬁer connected to the transducer [12], there are a
number of beneﬁts. For instance, it simpliﬁes the geometry of the
situation, in terms of locating the defect, when compared to using
a separate transducer. Any scattered wave will come back to the
transducer as a backscattered wave – meaning that the time of
ﬂight of the wave can be simply related to the radial distance of
the discontinuity, and the angle of peak echo amplitude corre-
sponds to the angle of the defect. Due to reciprocity, the frequency
dependence of the directivity also applies in reception, meaning
that any non-backscattered signals are partially ﬁltered. This has
the effect of enhancing the relationship between the frequency of
the scattered wave and the angle of propagation of the wave,
thereby reducing the complexity in analysing the signals. It was
found that the pulse-echo signal could be recovered by using a
simple background subtraction to remove the coherent ringing
signal of the EMAT. The background signals were obtained by
rotating the EMAT by 451, which ensured that there were no
reﬂected signals in the time window of interest, and therefore only
contained the ringing of the transducer. A frequency domain band-
pass ﬁlter was applied to the signals, so that only frequencies in
the range of interest (passband: 400 kHz–1.5 MHz) remained,
which clearly reveals the echoes. The amplitude of these echoes
should reach a maximum when the array is driven at a frequency
that corresponds to the angular position of the defect. The peak in
the two dimensional ‘image’, constructed by combining the
individual A-scans from the frequency sweep, can be used to
localise the defect in space; the time of ﬂight value can be
converted into a radial distance, whilst the angular position can
be determined by the excitation frequency at which the peak
occurs.
The test specimen used was a rectangular aluminium bar, with
a cross-sectional area of 5959 mm2, as shown in Fig. 5. The bar
had several notches cut out of it, which act as discontinuities to
scatter the ultrasound. The largest was the 10 mm deep slot, and
this was the source of the primary reﬂections seen in the
experimental data. A six element PPM EMAT, with an element
size of 2.5 mm and a pitch of 3 mm, was used in a pulse-echo
conﬁguration and placed at the end of the bar. Such a 3 mm pitch
PPM EMAT, operating on aluminium (cs ¼ 3111 ms1), generates a
surface shear wave with a frequency of 518 kHz. Hence, the array
was excited with a narrow-band ﬁve cycle sine wave, with the
frequency of the excitation signal varying from 520 kHz to
1.07 MHz in increments of 10 kHz; this ensured that the inspection
had good angular coverage, with good angular resolution. As
described, the ringing of the transducer obscured some of the
backscattered signals. However, as the ringing was clearly coher-
ent, it could easily be removed by a simple background subtraction
– with a background signal needed for each drive frequency. The
data, after being baseline subtracted and band-pass ﬁltered, can be
seen in Fig. 6. A number of reﬂections of various amplitudes can be
seen in the data, with the amplitudes of the backscattered signals
changing with frequency. Most of the large amplitude signals are
from the 10 mm notch; with the ﬁrst signal to arrive due to the
wave travelling along the surface and being reﬂected back. The
signals that arrive later are also signals scattered by the 10 mm
Fig. 3. Analytic model of the out of plane displacement in an aluminium sample
from an array with d¼ 10 mm, 22:5 μs after the array was pulsed. The array is
shown in the bottom left corner, and indicates the polarity of the array elements.
Fig. 4. Angular dependence of the centre frequency of the wave shown in Fig. 3.
Error bars are plotted, and are associated with determining the peak of the
frequency spectra at each angle. These uncertainties are around the size of the
markers used on the graph.
Fig. 5. Schematic experimental diagram, illustrating a number of possible ultra-
sonic paths to the 10 mm deep notch.
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notch, but have taken a multi-skip path. This is due to the steering
of the ultrasonic beam: with the higher frequency signals being
steered to a multi-skip path to the notch. Importantly, each
reﬂection has a unique path length and angle of propagation,
meaning that each signal should also have a unique time of ﬂight
and frequency.
The length and the angle of propagation of the expected paths
taken by the ultrasound can be calculated from Fig. 5, using simple
geometry. The expected path lengths are converted to times of
arrival values, and are overplotted in Fig. 6 as vertical lines. This
shows good alignment between the observed echoes and their
expected time of ﬂight, demonstrating that the radial position can
be ascertained with a good degree of accuracy. The smaller
amplitude signals that can be seen between the marked, higher
amplitude signals simply come from other notches on the bar,
whilst the signal at 375 μs in the lower frequency scans is a
multiple reﬂection of the surface echo originally seen at 189 μs. In
addition to determining the radial positions of the defects, it is also
possible to try and infer their angular positions. By time window-
ing the data in order to isolate each individual echo, it is possible
to see how the amplitude of these echoes changes with frequency.
It would be expected that the amplitude of the echo will be at a
maximum for a frequency that corresponds to a steering angle that
matches the angular position of the defect. As the ﬁrst two signals
could not be clearly separated in time, only the last three marked
echoes in Fig. 6 were time windowed. The root mean square (RMS)
amplitude of each of the echoes is plotted as a function of
frequency, which can be related to the steering angle using
Eq. (1). These results are shown in Fig. 7, which exhibits a clear
variation in amplitude as a function of frequency for all of the
scattered signals. The measured radial and angular co-ordinates,
obtained from the time of ﬂight and frequency measurements, are
given in Table 1. It can be seen that there is generally good
agreement between the measured path length and angle and the
geometrically calculated values. Some of the small discrepancies
may arise because the notch has a relatively large length, whereas
the geometric calculations assume a point reﬂection on the
surface. The ﬁnite length of the notch means that, in fact, a range
of paths is valid as reﬂections from the face of the notch, rather
than just the intersection of the notch with the surface of the
sample.
From Fig. 7, it is also apparent that the ultrasonic beam width
changes as a function of angle, with the beam being narrow at the
lower angles, whilst spreading the beam out over a large range for
the larger angles towards the surface. This is a consequence of the
inverse proportionality between frequency and angle that can be
seen from Eq. (1), and can also be seen in the directivity modelling
[15]. This has the effect of creating an angularly dependent
resolution; a smaller beam width at the lower angles (higher
frequencies) leads to a better resolution than at higher angles
(lower frequencies), where the ultrasound is ‘steered’ over a much
larger range of angles.
The driving signal obviously also has an effect on the beam
width that is achieved by frequency steering. By driving the array
with a narrow bandwidth signal, the ultrasonic beam will be
steered over a very narrow range of angles as there are only few
frequencies present, and so there is only a limited range of angles
for the signal to constructively interfere. However, a narrow
bandwidth signal necessarily implies that it will have a large
temporal range, hence leading to poor axial resolution. Therefore,
there is an explicit compromise between angular and axial
resolutions caused by time–frequency duality; increased angular
resolution directly causes a reduction in the axial resolution that
could be achieved and vice versa [18]. Nevertheless, a 5 cycle
toneburst appears to be a good compromise, with reasonable axial
and angular resolutions being achieved in this case.
3.2. Pulsed results
As well as using the frequency steering properties of the PPM
array to create a frequency-based sector scan, it is also possible to
use the pulsed properties of the array to inspect a component.
Pulsing the array has the beneﬁt of generating a wave that covers a
large angular range, meaning that a greater region is simulta-
neously inspected. With the frequency steering method, 56
measurements were required, but the pulsed array can cover the
same angular region with just a single measurement (although the
number of measurements needed for each method is doubled by
the necessity for background data for the baseline subtraction). For
the pulsed experiment, the setup is the same as in Section 3.1,
with the array used in pulse-echo to inspect the same sample as
shown in Fig. 5. However, this time, after being pulsed with a
800 kHz single cycle sine signal, the wavefront covers all of the
paths simultaneously, meaning that all of the echoes are present in
a single time-domain signal, or A-scan. Therefore, a form of time–
frequency analysis is required in order to localise the individual
reﬂections in both time and frequency, which will, in turn, lead to
the localisation of the defect paths in both radial distance and
angular position. A spectrogram, calculated as the squared magni-
tude of a short-time Fourier Transform (STFT) [19,20], with a Hann
function as the windowing function, is used to analyse the
obtained time domain signal. Both the time domain A-scan and
the spectrogram are shown in Fig. 8. The spectrogram expands the
A-scan to show the time-localised frequency, allowing the signals
to be clearly resolved in both time and frequency. The location of
the peaks in the spectrogram is related to the length and angle of
the ultrasonic path to the defect, with the overlaid circles on the
ﬁgure indicating the calculated time of ﬂight and frequency from
the expected path length and angle of propagation. Again, it can be
seen that there is very good agreement, and that the pulsed
method can localise defects very well, with the results shown in
Table 2.
From comparing Tables 1 and 2, it can be seen that, whilst both
methods appear to be accurate, the pulsed array results offer
improved accuracy and precision. This can be explained by the fact
that the pulsed wavefront is continuous over the entire angular
range of interest, whereas the frequency steering method is
effectively sampling the structure at discrete angles. This increased
amount of information is reﬂected in improved resolution of the
results obtained using the pulsed method. However, as observed
Fig. 6. Experimental backscatter signals with the expected time of ﬂights, calcu-
lated from geometry, overplotted on the data as vertical lines. The inset shows a
zoomed version of the six lowest frequencies (520–570 kHz excitation frequencies),
which highlights the ﬁrst two reﬂected signals.
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with the frequency sweep approach, the resolution of the pulsed
approach also varies with angle. As explained previously, this is
due to the relationship between angle and frequency; for a given
change in frequency, the angle changes a lot more for the higher
angles than it does for the lower ones. Therefore, the same
uncertainty in frequency leads to a much greater angular uncer-
tainty at higher angles than it does for the lower angles. The
pulsed method is also able to achieve a good signal-to-noise ratio,
with most of the echoes being clearly identiﬁable. Whilst the
notch is large (10 mm), and therefore allows for a range of
ultrasonic paths to be detected, it should also be noted that some
of the echoes are travelling a round trip of over 1 m. This shows
that the transducer is sufﬁciently efﬁcient to generate a useful
wave front over a large range of angles, despite having to spread
the energy over such a large angular range.
3.2.1. Pulsed results from rough defect
For this pulsed array system to be a useful inspection techni-
que, it has to be applicable not only to artiﬁcially cut notches, as
seen in the previous section, but also to representative defects.
As the pulsed method proved to be superior, in terms of both scan
speed and result accuracy, only the pulsed approach was utilised
here. The sample used was an aluminium billet with a rough crack,
with depths varying between 2 mm and 20 mm [21], upon the
surface of the sample, which can be seen in Fig. 9. Rough defects
have a number of issues that could mean that the pulsed approach
may no longer be applicable. Firstly, whereas the notches lead to
high amplitude specular reﬂections, rough defects will diffusely
scatter any incident ultrasound [22–24]. This diffuse scattering will
lead to lower amplitude reﬂections, and hence indications from
defects will be more difﬁcult to detect. Secondly, the roughness of
the defect may introduce frequency dependent scattering events,
Fig. 7. Angular dependence of the amplitude of the scattered waves caused by the defects at (a) 401 and (b) 321.
Table 1
Comparison between frequency sweep and calculated co-ordinates of ﬁve observed
echoes.
Number of skips Measured co-ordinates ðr; θÞ Calculated co-ordinates ðr; θÞ
0 ð295:870:5 mm;n=aÞ ð294:0 mm;90:01Þ
1 ð316:570:5 mm;n=aÞ ð316:8 mm;68:11Þ
2 ð383:370:5 mm;54:373:01Þ ð377:0 mm;51:21Þ
3 ð462:570:5 mm;41:171:61Þ ð460:2 mm;39:71Þ
4 ð557:170:5 mm;32:871:01Þ ð556:1 mm;31:91Þ
Fig. 8. Spectrogram (upper plot) and time domain signal (lower plot) showing the
time localised frequency of the scattered signals. The circles that are plotted on the
ﬁgure indicate the calculated time of ﬂight and peak frequency of the waves taking
the expected geometric paths shown in Table 2. The low frequency signal seen at
375 μs corresponds to a reﬂection of the surface wave from the end of the bar.
Table 2
Comparison between pulsed and calculated co-ordinates of ﬁve observed echoes.
Number of skips Measured co-ordinates ðr; θÞ Calculated co-ordinates ðr; θÞ
0 ð294:370:5 mm;87:877:21Þ ð294:0 mm;90:01Þ
1 ð316:270:5 mm;72:570:91Þ ð316:8 mm;68:11Þ
2 ð378:370:5 mm;52:670:51Þ ð377:0 mm;51:21Þ
3 ð459:970:5 mm;39:770:21Þ ð460:2 mm;39:71Þ
4 ð555:870:5 mm;31:870:51Þ ð556:1 mm;31:91Þ
Fig. 9. Image of rough crack that is to be inspected.
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which could cause an angular mis-location of a defect. Whilst most
of the roughness associated with the defect shown in Fig. 9 will be
on a scale much smaller than the wavelength of the ultrasound, it
will still not act as a planar scatterer as was the case in Sections
3.1 and 3.2. Other studies [1], as well as the experimental results in
Section 3.2, show no sign of scattering events signiﬁcantly altering
the frequency content of the pulse. However, there is no guarantee
that a rough defect will not have any frequency dependent
scattering interactions, and so this must be investigated.
The experimental geometry is shown in Fig. 10, with the defect
location indicated on the top surface. This time a larger EMAT,
with a pitch of 5 mm and element size of 4 mm, was used. The
larger element size increases the generation area, which, in turn,
increases the amplitude of the ultrasonic wavefront. In order to
avoid any surface waves obscuring the reﬂected signal from the
defect, the EMAT was placed on the bottom surface. By placing the
EMAT on the bottom surface of the billet, any reﬂections from the
defect will be separated in time from any much larger reﬂections
from the end of the sample. It also ensures that these reﬂections
will have distinct frequencies as well, as any wave restricted to the
surface will have a frequency of 311 kHz, with any reﬂections from
the bottom surface having a higher frequency than this. As before,
the data was obtained from the PPM EMAT in pulse-echo mode.
Background subtraction was again required, and the resultant data
was band-pass ﬁltered as in the previous sections. Again, the
obtained time domain signal was analysed using a spectrogram to
obtain a time–frequency map of the sample, with the same
parameters used as in Section 3.2.
The resultant A-scan and the spectrogram can be seen in Fig. 11,
with a number of indications visible from the scan. The indications
between 140 μs and 160 μs are consistent, in both arrival time and
frequency, with reﬂections from the end of the sample. However,
there is one indication that cannot be explained by the geometry
of the sample. This is the indication that peaks at 91:170:3 μs in
the time domain, with a frequency of 40075 kHz. Once these are
transformed into spatial co-ordinates using the known wave
speed, for the radial position, and the diffraction grating equation,
for the angular position, it is found that the position of the defect
was ðr; θÞ ¼ ð141:770:5 mm;51:071:01Þ. As the defect was surface
breaking, the distance from the EMAT to the defect could easily be
measured, and was found to be ðr; θÞ ¼ ð140:971:0 mm;50:27
0:21Þ. The pulsed array method agrees well with the known
position of the defect, with both the radial and angular positions
being within experimental error. From the accuracy of angular
measurement, it is apparent that there is no strong frequency
dependence in the scattering processes in the bandwidth. This
does not mean that the scattering does not have any frequency
dependence; it means that the variation in scattering is small
enough over the bandwidth of the signal that the peak frequency
of the signal has not been signiﬁcantly altered by the scattering
event. This adds conﬁdence that the pulsed array system can be
utilised in a wide range of non-destructive testing scenarios.
4. Conclusion
We have successfully demonstrated a new conﬁguration for
ultrasonic send–receive testing. By simultaneously exciting a
periodic array of ultrasonic sources, it is possible to manipulate
and alter the directivity of the array by carefully controlling the
frequency content of the generation signal. The interference
between the waves produced by each individual elements causes
preferential propagation of ultrasound with a certain frequency
along a particular angular path. The frequency–angle pair is given
by the diffraction grating equation, and occurs when the spatial
periodicity of the array and the wavenumber of the excitation
signal overlap in the spatial frequency domain, meaning that there
is a constructive interference of that signal at that particular angle.
As this condition of constructive interference changes with fre-
quency, ultrasonic beam steering and sector scans can be achieved
by simply varying the frequency of the excitation signal. This
removes the requirement to be able to individually control and
phase each array element, thereby avoiding the need for expensive
hardware. Another interesting phenomenon can be generated
with the same array: a pulsed array wavefront, where the
generated wavefront covers a large angular range, and has a
smooth variation of frequency as a function of angle. This new
effect, which can be generated by pulsing the array with a speciﬁc
broadband signal, can be utilised to determine the location of a
scatterer. As the frequency of the wavefront changes smoothly and
continuously as a function of angle, the frequency of any scattered
wave can be associated with the angular position of the disconti-
nuity, whilst the radial position is simply related to the time of
ﬂight of the reﬂection.
Both the frequency sweep sector scan and the broadband
pulsed method were used to inspect a machined aluminium
sample, with a 10 mm notch acting as a defect. Whilst only one
defect was present, there were are a number of multiple skip paths
the ultrasound could take to the notch, due to the limited depth of
the sample. This means the ability to detect and locate defects over
a range of angles could be tested. The pulsed method has various
advantages over the frequency sweep approach, namely that it can
cover the same angular region with a single scan, whereas the
frequency sweep approach requires multiple measurements over a
range of different frequencies. The pulsed measurements also
appear to have superior accuracy and resolution, with the resolu-
tion of the pulsed approach limited by frequency resolution of the
Fig. 10. Schematic diagram of the sample. The defect is located on the underside of
the sample, and its position is indicated by the dashed line. The PPM EMAT is also
indicated on the diagram, with the centre of the array 108 mm from the position of
the defect.
Fig. 11. Time domain signal (lower plot) and spectrogram (upper plot) showing the
time localised frequency of reﬂections from the sample containing a rough crack.
The reﬂections from the end of the sample, at times of approximately 140 μs and
155 μs, are not scattered signals from defects. The indication at 90 μs corresponds
to the expected position of the defect.
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spectrogram, rather than the beam width, as is the case for the
frequency steering. The pulsed wavefront is also continuous over
the entire angular range of interest, meaning that more informa-
tion is available than the frequency steering case, which effectively
samples at discrete angles. Perhaps surprisingly, the drop in peak
wave amplitude, associated with spreading the ultrasonic energy
over a large range of angles, does not result in a dramatic
reduction of the signal to noise ratio. This is mainly because the
noise is distributed over a large range of frequencies, whereas the
signal is obviously fairly narrowband in comparison.
As the pulsed array was shown to be superior to the frequency
steering approach, it was used to inspect another sample with a
real defect. It was shown that the combination of time of ﬂight and
frequency could still be used to locate this rough defect, despite
the reduction the amplitude of any reﬂections. The rough defect
also appeared to have no strong frequency dependence in its
scattering processes, meaning that the frequency of the scattered
wave can still be used to infer the angular position of a defect,
even if it is not smooth. This demonstrates that the pulsed array
method has the potential for the use on industrial samples.
Whilst simultaneously activated arrays can replicate some
phased array modalities, it should be noted that the techniques
can be complementary, and would be employed in differing
scenarios. For example, phased arrays, and the Total Focusing
Method (TFM) in particular, can create high resolution images with
an excellent signal-to-noise ratio of around 40 dB [17]. However,
this improved inspection accuracy comes at the expense of
additional hardware and software complexity. While not being
able to replicate the precision of TFM measurements, the broad-
band pulsed array has the beneﬁt of being able to locate defects
with a single measurement. In addition, as the wavefront is
generated over a 701 angular range, a large volume can be
inspected with a single measurement. It should also be noted that
these beneﬁts are obtained with a vast reduction in the system
complexity; the array used in this work contained only six
elements, which were pulsed simultaneously, which precludes
the requirement for phased array hardware. In addition, the
analysis of the pulsed array data is less computationally intensive
than when compared to TFM; only a single time domain signal is
required to locate a defect with a pulsed array, whereas N2
measurements are recorded in a full matrix capture using an N
element array. So, whilst the pulsed array system could be used to
inspect a large volume for defects, if higher resolution measure-
ments are needed then more complex array procedures are
required.
There are a number of avenues to explore for future work, in
particular the use of other time–frequency analysis methods. The
STFT spectrogram was utilised here, as it is the simplest to
implement. Whilst all of the echoes could be clearly resolved in
both time and frequency, the spectrogram suffers from a ﬁxed
resolution, i.e. an increase of time resolution necessarily leads to a
decrease in frequency resolution. Other methods of time–fre-
quency analysis, such as discrete wavelet analysis, beneﬁt from
advantage of multi-resolution analysis, which offers improved
temporal resolution of the high frequency components, and fre-
quency resolution of the low frequency components [25,18,19].
Also, whilst the current work has utilised SH waves that are
generated by EMATs, the physics that describes the pulsed array
system is universal to other types of waves. Future work will
include demonstrating this phenomenon with a number of other
systems, for example using longitudinal ultrasonic waves or
electromagnetic waves.
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